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PREFACE
This dissertation consists of three manuscripts which have been published,
submitted, or will be submitted for publication to different peer-reviewed journals. The
manuscript in Chapter 2 entitled ‘On the State of Stress in the Growth Plate under
Physiologic Compressive Loading’ has been published in Open Journal of Biophysics
(January 2014). The manuscript in Chapter 3 entitled ‘Regional Variations in Growth
Plate Chondrocyte Deformation as Predicted by Three-Dimensional Multi-Scale
Simulations’ has been submitted to the Plos One (June 2014). The manuscript in Chapter
4 entitled ‘Relationship between Growth Plate Chondrocyte Mechanics under Uniaxial
Compression and Bone Growth Theories’ is in preparation for submission to the Plos
One.
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ABSTRACT
Gao, Jie. PhD. The University of Memphis. December 2014. Multiscale Finite
Element Models of the Growth Plate under Compressive Loads. Major Professor: Esra
Roan, PhD.
It is generally accepted that mechanical loading of the growth plate influences
bone growth and development. Previous computational studies of growth plate mechanics
have been carried out at the tissue level and have focused on the beginning stage of
development before and after the formation of the secondary center of ossification. This
has led to the formulation of mechanoregulatory bone growth theories in terms of tissue
level hydrostatic stresses and tensile strains. However, growth continues until the growth
plate is a thin undulating structure sandwiched between bone layers. Within this structure,
it is the chondrocytes, organized and arranged in columnar (tube) structures known as
chondrons that are responsible for bone growth through proliferation and differentiation.
However, the mechanical environment of the chondrocytes inside these chondrons is not
known and it is unclear how the mechanistic theories developed at the tissue level might
apply at the cellular level. Therefore, the overall aim of this study was to develop a new
multiscale computational approach to predict the state of stress and strain in chondrocytes
when the growth plate is under moderate compression.
This work is divided into three parts. In Part 1, the compressive elastic modulus of
the growth plate cartilage was extracted by simulating previous experiments using finite
element methods. Triaxial, nonuniform states of stress and strain were found within the
3D structure of the thin growth plate layer at the tissue level. In Part 2, the incorporation
of cellular level detail in a multiscale model led to the discovery that the strain patterns
along the length of the chondrons are reversed in peripheral regions of the growth plate in
comparison with central locations, which has ramifications for the interpretation of
v

experimental observations made at peripheral regions of a specimen. Finally, in Part 3,
when cellular strain and hydrostatic stress were considered simultaneously, the model
predicted a gradient in cell stress and strain along the length of the chondrons that is
consistent with mechanoregulatory bone growth theories. This is the first study to show
the relevance and validity of bone growth theories at the cellular level.
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CHAPTER 1
INTRODUCTION
The growth plate is a thin layer of hyaline cartilage entrapped between the
epiphyseal and metaphyseal bone near the ends of long bones, and is responsible for the
longitudinal bone growth until early adulthood. It is subjected to large compressive and
shear forces from daily activities while protecting the chondrocytes (cartilage cells) from
potential damage. Chondrocytes are dispersed in the reserve zone and start to lie in lines
and are encased in tubes of cartilage from the proliferative zone to the adjacent
hypertrophic zone. The tubular structures become calcified toward the edge of the
hypertrophic zone and eventually become the calcified cartilage, and later on are
converted into bone.
There are many growth-related bone deformities (e.g. bowlegs and idiopathic
scoliosis) that are caused by excessive compressive loading of the growth plate leading to
altered growth or premature closure. These clinical conditions are complex and difficult
to manage; and, it is believed that mechanical factors play a role in their development [13]. However, the direct mechanisms through which mechanical factors modulate bone
growth and lead to deformities are still under investigation. Although several theories
have been proposed aiming to explain the mechanisms of bone growth through
mechanical factors [4-10], most of these theories were formulated for stresses and strains
at the tissue level. The way in which chondrocytes sense physiological loads and further
regulate bone growth, especially at the latter developmental stage, when the growth plate
is mostly a thin layer of cartilage, is not known.
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Chondrocytes receive mechanical signals from the surrounding environment in
the form of strain [11,12] and stress. Modern techniques, such as confocal microscopy,
allow us to make close in situ observations of chondrocytes, providing information about
strain and deformation [1,13-20]. However, there is a tissue-depth limitation with
confocal microscopy and only regions close to the examined surface can be observed.
This leaves the mechanical response of chondrocytes located away from the examined
surface mostly unobserved. Another limitation of experimental studies is that it is
impossible to directly measure stress at either tissue or cellular level of the growth plate.
Therefore, computational studies are useful in order to investigate the mechanical
response in terms of stress and strain in tissue and chondrocytes [21-24]. To do this, a
series of finite element models at multiple size scales were developed to complement
results from experimental studies reported in the literature to study stress and strain in the
growth plate under moderate compression. The dissertation is arranged in three parts.
Part 1: On the State of Stress in the Growth Plate under Physiologic
Compressive Loading. This part estimates the intrinsic elastic modulus of the growth
plate by simulating compression experiments using the finite element method. In this
part, the state of stress in the thin growth plate cartilage layer is also explored.
Part 2: Regional Variations in Growth Plate Chondrocyte Deformation as
Predicted by Three-Dimensional Multi-Scale Simulations. A multiscale finite element
(FE) model of the growth plate under transient uniaxial compressive loading is built to
estimate the stress and strain experienced by chondrocytes. More specifically, the aims
are to answer the following questions: (1) Do chondrons and chondrocytes close to the
cutting surface experience similar deformations to those located in the central region of
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the growth plate? (2) What is the relationship between computed chondron and cell
strains under compressive loading and the cellular anatomy and physiology of the growth
plate?
Part 3: Exploration of the Relationship between Growth Plate Chondrocyte
Mechanics under Uniaxial Compression and Bone Growth Theories. This part
examines the relevance of prevailing mechanoregulatory theories proposed for the early
stages of endochondral ossification to bone growth at the latter stages of development
when the growth plate cartilage is a thin layer and to investigate how these theories relate
to the stresses and strains predicted at the chondrocyte level.
Collectively, the work conducted in these three parts elucidate how the
macroscopic loads are experienced by chondrocytes under moderate compression in
terms of stress and strain and the relevance to prevailing bone growth theories at the latter
bone development phase of the growth plate cartilage. It appears that triaxial, nonuniform
states of stress and strain are found at both the tissue and cellular levels of the growth
plate cartilage. This is the first work in which prevailing bone growth theories
(mechanoregulatory tissue differentiation theories) have been investigated and shown to
be relevant to the growth plate at the cellular level.
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CHAPTER 2
ON THE STATE OF STRESS IN THE GROWTH PLATE UNDER
PHYSIOLOGIC COMPRESSIVE LOADING
2.1. Introduction
The growth plate, cartilage plate separating the metaphysis from the epiphysis at
each end of a long bone (Figure 2.1(A)), is responsible for the longitudinal growth of
bone. It consists of chondrocytes embedded in an abundant extracellular matrix (ECM)
[1]. The growth plate is composed of a cartilaginous component that has three
histologically distinct zones: reserve or germinal, proliferative and hypertrophic [2]
(Figure 2.1(B)). The longitudinal growth of bones is controlled by the rate of
chondrocytic proliferation and the amount of chondrocytic enlargement (hypertrophy) in
the growth direction [3]. From the epiphyseal side nutrients are provided by the
epiphyseal blood vessels passing through the germinal zone and terminating at the
proliferating layer and then progress through the growth plate via diffusion [4]. On the
metaphyseal side vascular loops penetrate into the spaces of dying hypertrophic
chondrocytes to provide nutrients for the osteoprogenitor cells producing bone on the
primary spongiosa cartilage scaffolds.

4

Figure 2.1. (A) Radiograph of a 1-inch coronal slice through the proximal tibial growth
plate of a 5 month-old calf. Primary mammillary processes can be seen towards the left and
right borders with the secondary mammillary processes just barely visible; (B) Histological
zones of the proximal tibial growth plate of a 4 - 5 month-old calf.

The existence of chondrocytes in a soft collagen rich ECM nestled between
calcified bones and subjected to significant mechanical loads render the growth plate to
be a mechanobiological structure, which is highly sensitive to mechanical factors as well
as biochemical signals. Broad laws have been proposed to govern bone modeling and
remodeling, and longitudinal growth, such as Wolff’s law and Hueter-Volkmann law
[5,6], respectively. Wolff’s law states that bone grows and remodels in response to the
forces that are placed upon it. Hueter-Volkmann law states that increased pressure acting
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on the growth plate retards bone growth and conversely, reduced pressure or even tension
accelerates it [3, 5, 6]. Frost proposed that for stresses not exceeding the physiological
range, endochondral bone growth speeds up in the case of compression compared to
tension, compression exceeding physiological range slows down or even inhibits growth
[7]. It has further been proposed in engineering mechanics language similar to that used
to describe failure theories, that hydrostatic pressure maintains cartilage while octahedral
shear stress promotes its degradation and ossification [8,9].
Although discrepancies exist between these fundamental laws, it is clear that
mechanical loading can modulate bone growth. This phenomenon has key implications in
infant and juvenile pathological progressive musculoskeletal deformities, such as
idiopathic scoliosis, bowlegs and others [10, 11]. Meanwhile, although physiologic levels
of compression are essential for bone development, excessive compressive loading may
damage the physeal cells in the germinal and proliferative zones and lead to bone growth
retardation or cessation causing such abnormalities such as late-onset tibia vara (Blount’s
disease) [12]. Clinical treatment of these deformities is often directed at modifying the
mechanical environment of the affected bone [1]. However, the compressive injury of the
growth plate is clinically invisible and not easily diagnosed at the time of injury and the
underlying mechanisms of this type of injury still remain unknown. Despite many
studies, our quantitative and physiological understanding of how bone growth is
regulated in response to mechanical loading is still limited [1]. Computational models of
the growth plate under compression may yield insights into the micro-mechanical
environment of the cells in the growth plate, which may help guide diagnoses and
develop treatments in the future.
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Table 2.1. Material properties of the growth plate obtained from various experimental modalities.
Studies
Sergerie,
et al.
(2009)
[16]
Barthelat.
et al.
(1999)
[24]

Species
swine

Age
newborn

Location
distal
ulnae

rabbit

1,3,8
weeks

proximal
tibia, distal
ulna, distal
radius

Cohen.
et al.
(1998)
[17]

calves

4 monthsa

distal ulnae

Method
unconfined
compression
stress
relaxation tests
unconfined
compression
stress
relaxation tests
unconfined/
confined
compression
stress
relaxation tests

Material
type
transversely
isotropic
biphasic
transversely
isotropic
biphasic

transversely
isotropic
biphasic;
isotropic

Tutorino. calves
4-5
proximal tibia compression
et al.
monthsb
stress
(2001)
relaxation tests
[13]
a
Immature stage: chondroepiphysis still present. Results are for columnar regions;
b
Late stage of development: secondary center of ossification completed.
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Material properties
E3=0.51±0.12 MPa, E1=8.65±1.72 MPa,
v21=0.24±0.07, v31=0.08±0.03,
k1=1.82±0.67 x10-15 m4/Ns equilibrium
state
E3=0.11±0.02 MPa, E1=1.9±0.8 MPa,
v21=v31=0.0, G=0.055 MPa,
k0=14.1±0.5 x10-15 m4/Ns,
strain-dependance factor=4.7±0.9
equilibrium state
E3=0.47±0.11 MPa, E1=4.55±1.21 MPa,
v21=0.30±0.20, v31=0.0,
k3=3.4±1.6 x10-15 m4/Ns,
k1=5.0±1.8 x10-15 m4/Ns (biphasic);
E=1.08 Mpa, v=0.0,
k=15.5x10-15 m4/Ns (isotropic)
equilibrium state
E=0.76±0.24 MPa (equilibrium modulus);
E=1.29±0.51 MPa (toe modulus, 15-20%
strain)

Several studies have reported the compressive mechanical properties of growth
plate under different loading conditions using different animal models (Table 2.1). In this
work, we analyzed the mechanical response of macroscopic bovine growth plate samples
in uniaxial compression. The aim of this study was to use finite element (FE) analyses to
obtain the inherent compressive mechanical properties of the growth plate assuming the
cartilage tissue to be homogeneous and isotropic and linearly elastic and to explore the
state of stress within this thin cartilage layer. We view this macroscopic model as a first
in a series of steps needed to construct a more complete microscopic FE model of the
growth plate structure including zonal and cellular details.
2.2. Materials and Methods
2.2.1. Previous uniaxial compression experiments of macroscopic samples
The Finite element models were developed to simulate uniaxial compression
experiments that were previously conducted on bone-growth plate-bone samples prepared
from three fresh-frozen 5-month-old calf proximal tibial growth plates [13]. The
specimens were cut from four sites in each growth plate: antero-lateral and -medial and
postero -lateral and -medial. All 7 × 7 × height mm block samples were prepared so as to
maintain the minimum height without encroaching on the growth plate cartilage whilst
keeping the orientation aligned with the tibial longitudinal axis. Samples were immersed
in protease inhibitor solution and frozen until testing.
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Figure 2.2. Testing set-up of previous compression experiments. Bone-growth plate-bone
sample is held between the compression platens and the upper platen is lowered at a rate
of 0.055 mm/min.

Figure 2.3. (A) Schematic of the experimental sample; (B) Typical finite element model.
At least 6069 C3D8R type of elements were used. The XY, YZ and XZ planes are axes
of symmetry.

Bone/growth plate/bone specimens were first preloaded to 1 N and then
compressed at 0.055 mm/min to a grip-to-grip strain of 20% and held at this strain until
1400 sec had elapsed and complete stress relaxation had occurred (Figure 2.2). A
schematic structure of sample geometry is shown in Figure 2.3(A). The equilibrium
modulus, which can be considered as the elastic modulus at 20% strain level, was
calculated for each specimen by dividing the equilibrium stress by the grip-to-grip strain
and reported previously [13]. The slopes of these twelve stress-strain curves, which
9

reflect the extrinsic elastic moduli of these samples (EEX), were obtained by curve fitting
a straight line to the data between 0 and 20% strain using Matlab (Natick, MA).
2.2.2. Inverse parametric finite element analyses
Twelve FE models were built based on the actual dimensions of individual sample
(Table 2.2) using ABAQUS (Providence, Rhode Island). The FE model shown in
Figure 2.3(B), 1/8 of an actual sample, shows the characterization of the bulk response of
the growth plate from the uniaxial compression experiments. A homogeneous isotropic
linear elastic material was used to model the growth plate cartilage. The Poisson’s ratio
of the growth plate was chosen to be 0.45 in this study.

Table 2.2. Geometrical information of 12 specimens utilized in this study.
Specimen
#1
#2
#3
#4
#5
#6
#7
#8
#9
# 10
# 11
# 12

Width1 (mm)
7.085
6.796
6.626
6.833
6.781
7.691
6.749
6.819
6.905
6.809
6.714
6.817

Width2 (mm)
6.746
6.737
6.761
6.746
6.661
6.705
6.870
6.792
6.828
6.755
6.612
6.754

Height(H) (mm)
7.310
6.567
8.385
4.938
5.085
4.931
5.462
6.145
5.618
4.530
6.289
6.124

GPt (mm)
0.514
0.664
0.560
0.798
0.632
0.619
0.656
0.764
0.724
0.676
0.601
0.816

RZ%
32
29
56
18
32
25
20
36
27
27
40
34

Based on material parameters used in previous studies, the elastic modulus and
Poisson’s ratio of trabecular bone was 100 MPa and 0.3, respectively [14]. Symmetric
boundary conditions were implemented in the front, left and bottom surfaces of the
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model. Displacement control was applied incrementally on the top surface of the model
until 20% strain level of the growth plate layer was reached. A mesh convergence study
was also performed in order to determine an appropriate element size, especially for the
growth plate region. Furthermore, in order to eliminate volumetric locking issues due to
the near incompressibility of growth plate, 8 node solid elements with reduced integration
formulation were used (C3D8R). Parametric studies were then conducted for each sample
where the elastic modulus of the growth plate in the FE model was altered systematically
in order to find the optimal fit between the FE simulated and experimental stress-strain
curves.
A nominal stress was obtained by dividing the total reaction force, which is sum
of the reaction forces at the base, by the initial cross-sectional area. Using this nominal
stress, an intrinsic elastic modulus for the growth plate cartilage FE experiment (EIN) was
calculated. The equilibrium modulus, which can be considered as the elastic modulus at
20% strain level, was calculated for each specimen by dividing the equilibrium stress by
the grip-to-grip strain and reported previously [13]. The slopes of these twelve stressstrain curves, which reflect the extrinsic elastic moduli of these samples (EEX), were
obtained by curve fitting a straight line to the data between 0 and 20% strain using
Matlab (Natick, MA).
Based on these parametric studies, elastic modulus values for the growth plate
cartilage (EIN) that provided the optimal fit between experimental and FE stress-strain
curves were determined. The ratio of EIN and EEX was also calculated.

11

Figure 2.4. Topography of the growth plate layer. (A) "n" shaped; (B) "m" shaped,
representing the varied interdigitations observed in the test specimens. Photographs of
specimens show the secondary mammillary processes after removal of the cartilage and
marrow with a solution of bleach (C through E, epiphyseal bone on top).

Inverse parametric finite element analyses. When the FE models were
constructed, there was no detailed information regarding the internal geometry of these
twelve samples. Therefore, the growth plate layer in the FE models was modeled to be
flat. However, in order to investigate the impact of topography in the growth plate
geometry in our calculated EIN, we constructed additional FE models with different
geometrical structures of the growth plate layer, while maintaining all other dimensions
and the underlying material properties the same. For comparison with the flat shaped
model, we followed a previous study [15] and utilized “n” and “m” shaped growth plate
layers (Figures 2.4(A) and (B)), which represent in a simplified manner the shape of
secondary mammillary processes found in these tested specimens from the cow (Figures
2.4(C-E)). The amplitudes of the modeled “n” and “m” shapes were twice the growth
12

plate thickness values. We also computed the dependence of the difference between the
EEX and EIN on the shape of growth plate.
Bilayered growth plate model. In order to explore the influence of assuming
homogeneity of Young’s modulus through the growth plate thickness on the EIN values
derived from the twelve FE models, we constructed a FE model of one sample (#12)
using a quarter model of the bone/growth plate/bone structure. The growth plate layer
was assumed to be flat, but partitioned into two sections, consisting of the reserve zone
and proliferative/hypertrophic zone. The proportion of the overall growth plate thickness
or height occupied by the reserve zone (RZ%) was previously determined for each
sample by averaging measurements on all four faces of each sample (Table 2.2). Since
the reserve zone has been found to be nearly twice as stiff as the proliferative/
hypertrophic zone in the loading direction [16,17], the elastic modulus of the reserve
zone was constrained to be twice of the proliferative/hypertrophic zone, whilst the
Poisson’s ratio kept the same as in previous models.
2.3. Results
2.3.1. Extrinsic Elastic Modulus of the Growth Plate Cartilage from
Experiments
Twelve bovine growth plate samples were tested in quasi-static compression [13]
and information pertaining to these samples is presented in Table 2.2. Results of the
parametric study for one bovine growth plate sample are shown in Figure 2.5. The
overall height of the compression samples averaged 5.95 ±1.11 (SD) mm and the growth
plate height (GPt) was 0.67 ±0.09 (SD) mm on average. The average proportion of the

13

reserve zone (RZ%) was 31.33% ±10.00% (SD). The extrinsic elastic modulus for these
samples is 1.11 ±0.40 (STD) MPa.

Figure 2.5. Parametric finite element compression simulation of one sample.

2.3.2. Intrinsic Elastic Modulus of the Growth Plate cartilage from Inverse
FE Experiments
For each experimental sample, we constructed an individual FE model to obtain
the underlying EIN. Table 2.3 shows the EEX and EIN for all twelve samples that
underwent the inverse FE analyses. The resulting average EIN for the twelve bovine
growth plate samples is 0.36 ±0.15 MPa, which is about 30% of the EEX computed
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directly from the experiments. The extrinsic compressive elastic modulus, EEX, was
between 2 and 4.4 times the value of the intrinsic modulus, EIN.

Table 2.3. Summarized results for twelve specimens.
Specimen
#1
#2
#3
#4
#5
#6
#7
#8
#9
#10
#11
#12
AVERAGE
STDEV

EEX (Mpa)
1.3744
0.5154
0.9001
1.2280
0.6696
1.2107
1.9816
1.3338
1.1370
0.8402
0.7555
1.3486
1.1079
0.3990

EIN (Mpa)
0.5564
0.1778
0.4487
0.3357
0.1758
0.2728
0.6284
0.4697
0.3453
0.1980
0.2549
0.4801
0.3620
0.1531

EEX/EIN
2.47
2.90
2.01
3.66
3.81
4.44
3.15
2.84
3.29
4.24
2.96
2.81
3.2150
0.7128

GPt/H
0.07
0.10
0.07
0.16
0.12
0.13
0.12
0.12
0.13
0.15
0.10
0.13
0.1167
0.0277

Different growth plate topography. We also studied the impact of the
topography of the secondary mammillary processes on the difference between EEX and
EIN. As the results in Table 2.4 indicate, the shape of the growth plate does indeed
influence the overall mechanical response of the bone/growth plate/bone sample under
uniaxial compression and the material parameters. According to these results, the larger
the ratio of GPt/height of the sample, the greater the impact of growth plate topography
on the difference between EEX and EIN. Based on the results of the three idealized shapes,
it shows that the “m” shaped growth plate layer can lead to a greater difference between
EEX and EIN for the same sample compared to the “n” shaped one. For example, the value
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for EIN for the “m” shaped growth plate can be 10.5% more than for a flat growth plate of
the same height.

Table 2.4. Influence of growth plate layer topography on the ratio. (EEX/EIN).
Sample

GPt (mm)

GPt/H

EIN (Mpa)

flat

'n' shaped

'm' shaped

1

0.514

0.07

0.362

2.79

2.79 (0.0%)

2.91 (4.3%)

2

0.664

0.1

0.362

2.76

2.82 (2.2%)

2.98 (8.0%)

3

0.816

0.13

0.362

2.67

2.76 (3.4%)

2.95 (10.5%)

Bilayered growth plate model. Recognizing that the growth plate is composed of
microscopic features with significant differences between the histological zones, we
aimed to refine our model by partitioning the growth plate into two zones. The reserve
zone was 34% of the overall height of the growth plate and the elastic modulus, ERZ, was
constrained to be twice that of the columnar and hypertrophic zones, modeled by a single
layer, EP+H. Using this approach, compressive elastic moduli of the bovine reserve and
proliferative/ hypertrophic zones were determined to be 0.74 MPa and 0.37 MPa,
respectively.
2.4. Discussion
In this study, we simulated compression tests on macroscopic bone/growth
plate/bone samples to extract the intrinsic elastic modulus of bovine growth plate
cartilage using parametric inverse FE analyses. The extrinsic elastic modulus was
approximately 3 times greater than the estimated intrinsic growth plate cartilage elastic
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modulus. However, since we found a strong correlation between EIN/EEX and sample
height: EIN/EEX = −0.071 + 0.067* height (R2 = 0.95, p < 0.0001) further discussion is
warranted.
2.4.1. Triaxial stress state during growth plate compression
The intrinsic elastic modulus values we computed are in general lower than those
previously reported [1,18]. Part of the reason for this discrepancy is that the triaxial state
of stress present in a thin layer of soft material sandwiched between stiffer materials is
usually not accounted for when the elastic modulus is calculated from uniaxial
compression tests. This triaxial state of stress is known to exist in thin flat test samples
that are constrained from lateral displacement at the surfaces perpendicular to the applied
compression direction. Such conditions may be intentionally induced in order to examine
a material’s behavior under hydrostatic stress, i.e. the pancake test [19]. Similarly, in the
case of the growth plate of a long bone in which the original fully cartilaginous epiphysis
(chondroepiphysis) has been transformed into bone just a thin layer of growth cartilage
(1 - 2 mm) is left between the epiphyseal and metaphyseal bone on either side. This type
of stress is also present in experiments where a thin layer of cartilage has been
completely isolated from the bone and subjected to confined or unconfined compression
unless friction at the platen surfaces can be significantly reduced. It is also reasonable to
suggest that the compression of macroscopic test bone-growth plate-bone samples mimic
the in vivo physiological state of stress in which the cartilage surface at the bone borders
are partially constrained by the compatibility displacement conditions and are not free to
expand.
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2.4.2. Relevance to bone growth theories
Hydrostatic stress state is thought to maintain cartilage and octahedral shear stress
is thought to lead to calcification [8,9]. Therefore, we computed the hydrostatic and
octahedral shear stress in the middle of the growth plate, i.e. halfway between the
epiphyseal and metaphyseal borders (Figure 2.6). The absolute value of hydrostatic
stress is an order of magnitude greater than the octahedral shear stress suggesting that the
center of the growth plate is experiencing a near hydrostatic stress state. Both stresses
exhibited dependence on the location from the free surfaces of the specimen, where their
absolute magnitudes approached a similar value at the outer edge.

Figure 2.6. Hydrostatic and octahedral shear stresses in the middle of the growth plate
(arrow indicates towards the outer edge).
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For the center of the growth plate, where there was no outer edge effect, the hydrostatic
stress and octahedral shear stress remained nearly constant (Figures 2.7 and 2.8). In order
to compare the influence of different growth plate geometries, similar plots were then
created for two other models with “n” and “m” shaped growth plate layers to show the
stress distributions.

Figure 2.7. Stress distribution of the center column of elements in the growth plate (arrow
runs from epiphyseal to metaphyseal side).
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As results show in Figure 2.8, they all followed a similar pattern with little or no
difference in the hydrostatic or octahedral shear stress at the specimen center among
these growth plates with differing geometry. Away from the center, the differences were
at most about 20% for the hydrostatic and octahedral shear stress, relative to the flat
growth plate geometry. Since the samples were cut from a large animal growth plate, they
contain free surfaces, which are not present in the in situ state. Thus the variation in the
state of stress from the center to the edge as determined for the tested specimens is not
representative of what would be expected in situ or in vivo in a larger animal such as the
cow, where free surfaces only exist at the perichondrium.

Figure 2.8. Influence of growth plate geometry on middle layer stresses in a different
sample from that shown in Figure 6.
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On the other hand, it should be noted that there is a close correspondence between
the specimen dimensions of these macroscopic growth plate samples, which were cut
from the growth plate of a large mammal (cow), and the dimensions of the entire growth
plate of a long bone in a small mammal such as a rat. Likewise the topography of the
secondary mammillary processes in these specimens obtained from the cow corresponds
to that of the primary mammillary processes in a small mammal such as rat. Thus the
state of stress determined for the extracted cow samples may be representative of the state
of stress in the entire growth plate of a small animal. This suggests then, if hydrostatic
stress state maintains cartilage and octahedral shear stress causes cartilage degradation
and accelerates ossification, that compression would promote bone formation near the
external surfaces of the growth plate more so than at the center. Perhaps this explains the
topography of the proximal tibial primary mammillary processes which, when viewed in
a coronal slice, exhibit some convex curvatures at the medial and lateral borders
(Figure 2.1(A)). This is similar in shape to what is seen in the rat proximal tibial growth
plate in the frontal plane (coronal section) [20] and also similar to the m-shaped
secondary mammillary process modeled in this study for macroscopic samples. The mshaped primary mammillary processes found at the periphery of the growth plate in the
rat and cow suggest that octahedral shear stress accelerates bone growth/formation and
hydrostatic stress (near the center) retards growth by maintaining cartilage.
Elastic moduli determined for each of the two sections of the growth plate from
the bilayer FE model are comparable in magnitude to those previously reported [16,17].
However, direct comparison with other studies is difficult due to the use of different
animal species [16], anatomic regions, stage of development [17], test methodology and
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material property assumptions [17]. One study [17] conducted confined and unconfined
compression of 2 mm thick cartilage discs prepared from 5-month-old calf distal ulnar
growth plates by cutting the cartilage at the metaphyseal border. Since the epiphyseal side
in this location consisted of a chondroepiphysis the other end could be trimmed to leave a
disk consisting only of cartilage [17]. Although it is not clear whether this could be done
without damaging the hypertrophic layer, given the undulations of the mammillary
processes, this would not at all be possible to do in a growth plate that is fully developed
and consists of bone on both sides of the growth plate, unless the thickness of the
cartilage is sufficient and the mammilary processes are small. Interestingly, in the case of
the rat, a careful microCT study has shown that the normal time course of growth plate
closure by bone bridging in the proximal tibial in the rat occurs first around the periphery
and then progresses toward the center [20]. This sequence may also be related to the
nature of the stress distribution at the time of growth plate closure when the cartilage
cells reach apoptosis. Perhaps octahedral shear stress accelerates the formation bone
bridges while hydrostatic stress preserves cartilage.
2.4.3. Limitations and underlying assumptions
We recognize that there are limitations to our approach. In our model, we only
considered the condition of slowly ramped compressive loading along an axis
perpendicular to the main plate direction and ignored fluid related contributions to the
stress. In addition, we analyzed experimental data in which a 20% grip-grip strain level
was slowly applied and maintained until the nominal stress reached equilibrium. This
allowed us to consider the bovine growth plate as a linearly elastic material, although we
are aware of the various nonlinear material models that have been considered [8,14].
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There are various types of material models which have been used for the growth plate
when it comes to FE modeling, such as nonlinear biphasic models [21], linear biphasic
poroelastic models [22], transversely isotropic biphasic models [17]. Compared to these,
a linear elastic model is still very attractive and sufficient enough to be used to describe
the basic mechanical behavior of the growth plate under uniaxial compression [8,14], at
least to relatively lower strain levels and slowly applied compression. Another important
parameter in our modeling is the Poisson’s ratio of the growth plate, which prior studies
report anywhere from ≤ 0.1 [1] to slightly less than 0.5 [23]. In this study, 0.45 was used
based on the assumption of nearly incompressible mechanical response of the growth
plate due to the high cellular content.
A major limitation to our study was the lack of full geometrical information of the
samples. The topography of the growth plate cartilage can be very different from one
specimen to another (Figures 2.4(C-E)). Due to lack of information regarding the
internal topography of the growth plate cartilage layer, the models did not fully take into
account of the undulations of the cartilage layer. The models assumed the growth plate
layer to be flat and perpendicular to the force and height of the specimen. We found a
strong linear dependence of EIN/EEX on height (R2 = 0.95, p < 0.0001). The explanation
for this is that the model assumed the growth plate to be flat and perpendicular to the
force and height of the specimen.
Two simplified mildly undulating shapes of the growth plate layer were modeled
to compare with the flat shape. However, the actual mammillary undulations in the
samples were more severe than the modeled shapes and encompassed the entire specimen
height and slopes changes can be aggressive. The more sloped it is (i.e. higher specimen)
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the more shear the growth plate cartilage is exposed to. However, the models used to
estimate the intrinsic modulus consisted of a growth plate, which is primarily exposed to
compression. Therefore, the intrinsic modulus extracted from this model for these
specimens is more likely that of the modulus in combination of shear and compression,
which explains the dependence of EIN/EEX on specimen height. Therefore, the unique
topography of the growth plate layer in each sample should be taken into account while
using data from such experiments.
Secondly, the zone of calcified cartilage/primary spongiosa, which lies between
growth plate and metaphyseal bone, is a region of likely increased compliance compared
to the more mature secondary spongiosa and this was not taken into account in the
models. Since this zone has a thickness comparable to that of the growth plate cartilage,
including this in the model may alter the calculated intrinsic modulus of the less
mineralized proliferative and hypertrophic zones and reserve zones. One could argue that
the zone of provisional calcification or primary spongiosa should be considered as part of
the growth plate proper, though most biomechanical studies to date have not considered
this.
2.5. Conclusions and Summary
In summary, we report the state of stress in the growth plate cartilage of blockshaped samples containing bone and growth-plate with 7 × 7 mm cross sections, excised
from the proximal tibias of 5 month old calves. We utilized FE analysis to model the
sample structure and to estimate the intrinsic elastic modulus of the growth plate cartilage
by simulating and matching the uniaxial compression tests. The stress state in the growth
plate was triaxial, nonuniform across the cross section, and predominantly hydrostatic
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over most of the central region but became an equal mixture of octahedral shear stress
and hydrostatic stress near the external surface of the bone samples.
Limitations of the current model include the relatively flat approximation of the
mammillary processes in the model compared to the more extreme undulations of the
experimental specimens and the exclusion of the zone of provisional calcification. The
latter may function as a mechanical buffer zone between the resilient growth plate
cartilage and the comparatively stiffer secondary spongiosa. We believe that further
improvement of these models will lead us to a better understanding of how macroscopic
loads are experienced by chondrocytes at the microscopic level.
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CHAPTER 3
REGIONAL VARIATIONS IN GROWTH PLATE CHONDROCYTE
DEFORMATION AS PREDICTED BY THREE-DIMENSIONAL MULTI-SCALE
SIMULATIONS
3.1. Introduction
The physis, or growth plate, is a complex disc-shaped cartilage structure that is
responsible for longitudinal bone growth. This growth is modulated by many systemic
and local factors including those arising from mechanical loading [1-3]. While the
underlying mechanisms are still under investigation, several mechanical candidates have
been explored as potential tissue level signals for modulating endochondral bone
formation, e.g. hydrostatic and octahedral shear stresses and principal stresses [4-9].
However, chondrocytes, are the active agents of growth and contribute to bone growth
through cell proliferation, hypertrophy and extracellular matrix secretion in highly
specialized, highly cellular and organized anatomic structures known as chondrons. It is
likely that tissue level strains and stresses are experienced differently by chondrocytes
embedded within such structures, possibly providing signals of varying intensity and type
depending on location.
Mechanotransduction is more readily related to cell deformation than to tissue
level stresses. In the context of bone growth, there is evidence that cell proliferation and
differentiation can be regulated through activation of stretch-activated ion channels in the
cell membrane following changes in cellular shape and size [10-13]. Although
computational studies incorporating various bone growth theories have been applied at
the gross tissue level, to our knowledge none have been reported that relate tissue level
mechanics to chondrocytes within an environment that faithfully represents the unique
microstructural anatomy of growth plate cartilage.
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Recent observational studies of physeal samples under compression have revealed
regional variations in cellular strains and suggest that global physeal strains may be
amplified at the cellular level [12,14]. Such observational studies are essential to our
understanding of the relation between form, function, mechanical deformation and bone
growth regulation. However, current experimental techniques for studying chondrocyte
deformation require sectioning through the physis to expose a free surface, thereby
altering the very strain distribution of interest and compromising efforts to quantify cell
response in the physiologic state.
The aim of this study was to develop a multi-scale finite element model of the
growth plate to estimate strains experienced by chondrocytes under instantaneous
physiologic compression. Specifically, we sought to answer the following two questions:
1) Do chondrons and chondrocytes close to the cutting surface (free surface) experience
similar deformations to those located in the central region of the growth plate? 2) What is
the relationship between computed chondron and cell strains under compressive loading
and the cellular anatomy and physiology of the growth plate?
3.2. Materials and Methods
In this study, a multiscale finite element submodeling approach was utilized.
Submodeling is useful to study a local region of a model, based on the interpolation of
nodal results from its global model onto the nodes at the boundaries of the submodel [15].
This allows us to study the transmission of loads from the macroscopic structure (in
millimeters) to microscopic structures (in microns). Our model (Figure 3.1) is comprised
of a macroscale model to represent a uniaxial compression test sample (bone-growth
plate-bone), a mesoscale model to represent the growth plate with its various zones, and a
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microscale model to represent the columnar organization of chondrocytes (chondrons) in
the proliferative and hypertrophic zones (P/H zone).
Two simplified shapes (flat (Model 1) and an ‘m’ shape (Model 2) with an
amplitude of 1.13 mm) of the growth plate layer were modeled in this study (Figure 3.1
(A)) representing different stages of growth. At the early stage of the bone development,
e.g. at birth until the appearance of secondary ossification center, the growth plate
cartilage has a relatively flat shape [16-18]. As the growth plate cartilage ossification
proceeds, mammillary processes appear and the growth plate forms more complex
contours [16-18]. Similar growth plate shapes have been used in FE models in previous
studies [19,20].
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Figure 3.1. (A) Two idealized models were constructed consisting of epiphyseal bone,
growth plate (GP) cartilage and metaphyseal bone (about 7 x 7 x 7 mm) with variations
of mammillary processes: flat and ‘m’ shaped. (B) Set-up of the multiscale modeling
approach. At the macroscale level, quarter models were used for analysis. About 0.69
mm thick growth plate cartilage was partitioned into two sections to represent the reserve
zone (RZ) and the proliferative/hypertrophic (P/H) zone. Calcified cartilage (CC) was
also included in the macroscale model. At the mesoscale, three individual layers were
generated in the P/H zone to represent the gradient change of elastic modulus through the
thickness of the growth plate. The microscale model of the chondron consisted of
interterritorial matrix (ITM), territorial matrix (TM) and 46 chondrocytes with gradually
changing cellular shape along with the same number of ITM sections. The elastic
modulus of ITM increased from the RZ to the metaphyseal side to represent the gradual
change of its material properties.
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Homogeneous isotropic linear elastic materials were used for each component in a
large displacement analysis to simulate the response to instantaneous loading along the
bone axis (Y-axis). A uniform displacement of 0.134 mm was prescribed on the surface
of the epiphyseal bone of the test sample equaling 20% of the 0.67 mm growth plate
cartilage thickness. Since only the instantaneous response was considered in this study,
the time dependent mechanical responses of each component are not captured and the
effect of the cells is reasonably to be ignored for simplicity [21-25]. Material properties
were chosen based on published values in the literature (Table 3.1). Mesh convergence
studies were conducted for all models at each scale and the nonlinear geometric effects
were taken into account for all models. Reduced integration formulation was used to
reduce volumetric locking and save computational time. Hybrid elements with enhanced
hourglass control (C3D8RH for macroscale and mesoscale models, C3D4H for
microscale model) were utilized on incompressible materials to remedy the potential
locking problems during the analyses.
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Table 3.1. Young’s modulus (E) and Poisson’s ratio (ν) of the growth plate components
used in the multi-scale models. Values for E in the inter-territorial matrix (ITM) varied
between level 1 and 45.

Macroscale

Mesoscale

Microscale

E (MPa)
references
[20]
Adapted

value
0.3
0.47

ν
references
[20]
[24]

Trabecular bone
Reserve zone

value
100
0.98

P/H zone

0.49

Adapted

0.47

[24]

Calcified cartilage

9.68

[26]

0.3

[24]

Reserve zone

0.98

Adapted

0.47

[24]

P/H zone 1

0.38

0.47

[24]

P/H zone 2

0.6

0.47

[24]

P/H zone 3

0.83

0.47

[24]

ITM1

0.42

[26]

0.45

[24]

ITM45

1.87

[26]

0.45

[24]

TM

0.26

[27]

0.45

[24]

Chondrocytes

0.002

[28-32]

0.5

[24,33]

3.2.1. Macroscale: bone-growth plate-bone
A FE model from our previous study [34] was utilized with material properties
which represent the instantaneous response. Compared to equilibrium state properties,
there are fewer published studies for instantaneous state properties [24]. The few
available studies indicate that both elastic modulus and Poisson’s ratio of instantaneous
state are higher than those for the equilibrium state [24,35,36]. Based on literature and the
intrinsic elastic modulus that was extracted from our previous study on a bovine growth
plate [34], 0.62 MPa and 0.47 were assumed as the instantaneous elastic moduli and
Poisson’s ratio, respectively.
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The growth plate layer was partitioned into two sections to represent the reserve
zone (RZ) and the proliferative/hypertrophic (P/H) zone. The proportion of each section
was assumed based on previous experimental data [37]. The elastic modulus of the
reserve zone was assigned to be twice that of the P/H zone according to previous studies
[38,39] while keeping the composite elastic modulus of the whole growth plate layer at
the value stated above. Calcified cartilage was assigned a value of 9.68 MPa was applied
for the elastic modulus [26]. This model consisted of 181,056 elements (C3D8R).
3.2.2. Mesoscale: growth plate (RZ, P/H and calcified cartilage zones)
Three individual layers were generated in the P/H zone of the growth plate
(Figure 3.1(B)) to represent the change of elastic modulus through the thickness of the
cartilage (Table 3.1) [36]. The elastic moduli of the individual layers of the P/H zone
were adjusted iteratively (Figure 3.2) so that the overall effective stiffness of the 3-layer
mesoscale model was 0.49MPa, which is the same as the model with a single P/H layer
(macro-scale model). An intermediate model (not shown) consisting of 10 layers in the
P/Z zone was created to reduce the influence of mismatch of elastic modulus between the
3-layer P/H zone in the mesoscale model and the microscale chondron model containing
45 cells. The same iterative method was used to adjust individual layer moduli so that the
overall stiffness was the same as that for the macroscale model, i.e. an effective response
of 0.49MPa. In order to obtain the effective response of the 3-layered or 10-layered
mesoscale models, each multilayered mesoscale model was uniaxially compressed and a
stress-strain response was obtained to compute an effective elastic modulus. This is
similar to the inverse methods that we carried out in our previous work in which we
determined the intrinsic elastic modulus of the bovine growth plate [34]. The resulting
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input material parameters of the mesoscale models are shown in Figure 3.2. Threelayered and 10-layered model consisted of 159,848 and 119,700 C3D8RH elements,
respectively.

Figure 3.2. (A) Stained histological slice (haematoxylin and eosin) of a 4-month old
bovine growth plate; chondrocytes are dispersed in the reserve zone (RZ) and are stacked
in tubes (chondrons) extending from the zone of proliferation (P) through the zones of
maturation and hypertrophy (H). The walls of the chondron tubes (interterritorial matrix)
become increasingly calcified toward the metaphyseal side. Following chondrocyte death,
the walls of tubes or bars of calcified cartilage (CC) matrix form the scaffolding upon
which bone is laid down (primary spongiosa); scale bar = 100 µm. (B) Distribution of the
elastic modulus of the P/H zone (3-layer mesoscale and 10-layer mesocale models) and
interterritorial matrix (ITM) (microscale model).
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3.2.3. Microscale: chondron
This model was built to represent the tubular (“columnar”) structure of a
chondron in the P/H zone. It consists of interterritorial matrix (ITM), territorial matrix
(TM) and chondrocytes (Figure 3.1(B)). Chondrocytes from proliferative zone were
modeled as cells with flat top and bottom surfaces, whilst chondrocytes from
hypertrophic zone were modeled as ellipsoids. The width and depth of the chondrocytes
were assumed to be 20 µm with height changes to represent the cellular shape changes.
For the transition from the proliferative to hypertrophic zone, three more cell shapes were
employed to represent the gradual shape change of the chondrocytes. The dimensions of
the chondron tube were assumed to be 30 µm X 30 µm (width X depth).
A total of 45 chondron sub regions each consisting of a chondrocyte and a
homogeneous ITM were modeled in the microscale model. The elastic modulus of the
ITM has been shown to increase from the reserve zone to the hypertrophic zone [26].
Therefore, in the model, the elastic modulus of the ITM increased from 0.42 MPa (region
close to the reserve zone) to 1.87 MPa (region close to the calcified cartilage zone).
Material properties were initially selected based on previous studies [27] and adjusted
iteratively, with the use of unconfined uniaxial compression, so that the composite
stiffness matched that of the mesoscale model (0.49MPa) (Figure 3.2). The elastic
modulus of the chondrocytes was assigned a value of 2 kPa based on information
regarding instantaneous and equilibrium properties of articular cartilage chondrocytes
[28-32]. In order to simulate the instantaneous response, the chondrocytes were assumed
to be incompressible with Poisson’s ratio of 0.5 [24,33]. The material properties of the
TM and chondrocytes were constant throughout the depth of the chondron. The chondron
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model consisted of 268,455 C3D4H elements for cells whereas C3D4 elements for TM
and ITM.
In order to investigate the influence of different transverse locations of the
chondron, four to five lateral locations (from the center toward the free surface of the
macroscale models) were selected to implement this microscale model for three
macroscale models with different growth plate shapes. The microscale model was only
implemented to a depth of about 300 µm away from the free surface due to the limitation
that the solution of the analysis could not converge at regions too close to the free surface.
3.2.4. Implementation
The implicit solver of a commercial finite element program, ABAQUS v6.12
(Simulia, Providence, RI), was used in this study. At the macroscale, quarter models were
built by imposing symmetric boundary conditions along YZ and XY planes leaving two
free surfaces parallel to the XY and YZ planes with symmetric boundary conditions.
A mesh convergence study was performed at each scale level of this series of FE
models in order to determine an appropriate element size. For macroscale and mesoscale
models, maximum value of Von Mises stress was used as the criteria for convergence
with a value difference of smaller than 5%. For the microscale model, average value of
Von Mises stress within the first chondrocyte, which is closest to the reserve zone, was
used as the criteria for convergence.
Since large deformations occurred at each scale level of the model, the effect of
geometric nonlinearity can be significant. Therefore, NLGEOM was turned on
throughout the analysis to take this into account. Ten incremental steps were used at each
scale level and current configuration of each step was then used to calculate the stiffness
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matrix. All the strain results extracted directly from the analysis are presented as
logarithmic strain (LE). The strains of cell height were calculated as engineering strain
from measurement of short distance between flatten surfaces or similar to the ‘best-fit
ellipsoid’ approach described in another study [40].
Bone samples shown in images were obtained from Swissland Packing Company
(Ashkum, IL), a veal slaughterhouse and meat processing company. The samples were
from 18-week old calves.
3.3. Results
The prescribed compressive displacement which was equivalent to 20% of the
combined initial thicknesses (0.67 mm) of RZ and P/H zones resulted in a -14.8% growth
plate strain across the combined layers of the reserve, proliferative and hypertrophic
zones, while the combined proliferative and hypertrophic zone received -17.2% strain
(Figure 3.3). The reserve zone experienced -9.5% and the calcified cartilage zone -3.3%
compressive strain. This strain distribution is dependent on the assumed material
properties and relative thicknesses of each zone. The latter are known to vary with age
and stage of development of the growth plate. The values used in the model are
representative of a 4-month old bovine proximal tibial physis.
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Figure 3.3. Different levels of axial strain were experienced by different zones (layers) of
the sample. Although a compressive displacement equal to 20% of the growth plate
thickness was applied to the top surface of the whole sample, only about 15% strain was
experienced by the combined reserve zone (RZ) and proliferative/hypertrophic (P/H)
layers. The calcified cartilage (CC) zone experienced about 3% strain.
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The axial (Y-axis) logarithmic strain distribution along the bone long axis
direction in the mesoscale model of the growth plate was highly non-uniform and reached
peak strains of 40% in the proliferative zone near the free boundary (Figure 3.4(A)).
Chondrons, the primary functional and structural units of the growth plate, deformed by
buckling near the free surfaces where the cartilage bulged outward while remaining
straight in the interior regions (Figure 3.4(B)). The shape of the mammillary process also
influenced the degree of buckling at the free surface. Flat growth plate exhibited greater
buckling deformations of chondrons near the periphery where the maximum lateral
displacement was 158 µm as compared with 125 µm for the ‘m’ shape growth plate (flat
plate results are not shown).
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Figure 3.4. (A) A non-uniform distribution of axial logarithmic strain, in the y-direction,
exists within the ‘m’ shape growth plate in the mesoscopic model. Chondrocytes were not
included in this model. The distribution of strain was significantly different at these
locations from the central or internal regions of the growth plate and reached values
approaching double the nominal strain of 20%; (B) Deformed chondrons obtained from
the microscale model with cellular detail is overlaid on a deformed macroscale model
displaying only the growth plate. Chondrons buckled within 300 µm of free surfaces, but
not within the growth plate interior when 20% overall compressive strain was applied
across the macroscale model. Deformed models are not scaled up. The ‘m’ shape growth
plate exhibited buckling deformation of 125 µm laterally at the edge. The contour plot is
obtained by extrapolating the integration point values to the nodes and then averaging.
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In the transverse (X- and Y-axes) directions significant out of plane strains
developed (Figure 3.5) around the exterior surfaces throughout all of the growth plate
zones, but especially in the hypertrophic and reserve zones. Transverse strains were at a
minimum at the base of the proliferative zone where cell division occurs.

Figure 3.5. Strain vector plots at the center and at a plane 50 µm from one of the two free
surfaces of the ‘m’ shape growth plate undergoing axial (Y-) compression of 20%. The
red and blue arrows represent strains in X and Z directions, respectively, at the
integration points. The results were obtained from the mesoscale model where detailed
chondrons are not included. Regions close to the outer edge experienced a significant
level of lateral (X- and Z-) strains. These strains suggest that observations made near the
surface would lead to different assessment of lateral strain distribution compared to the
interior of the growth plate. The centerline represents the center of the full model, as a
quarter of the actual growth plate layer is shown here (XY and YZ planes are symmetry
planes).
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Principal strains were oriented along and transverse to the chondron directions
throughout the central region but deviated from these directions at the reserve zone/bone
interface near the free surfaces where shear strains developed along the bone interface
(Figure 3.6). These results were obtained from the multi-scale model without
chondrocytes. Planes 50 and 300 µm away from the free surface were chosen as being
potentially relevant range for the plane of observation in microscopic studies of cell
deformation under compression. The strain distributions were significantly different at
these locations compared to interior regions of the growth plate. Minimum principal
(compressive) strains at the tissue level varied throughout the growth plate zones. In the
interior regions of the growth plate the minimum principal strains varied from -10% in
the reserve zone peaked at -25% at the base of the proliferative zone and decreased to -10%
in the hypertrophic zone (Figure 3.7). The opposite pattern was observed near the growth
plate free surfaces. Similar trends were observed for both growth plate shapes (results not
shown).
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Figure 3.6. Principal strain vector plots at center and at 50 µm from one of the free
surfaces of the ‘m’ shape growth plate. The arrows represent the maximum and minimum
principal strains. The results were obtained from the mesoscale model without the details
of chondrons. Regions close to the outer edges experienced a significant level of ‘out-ofplane’ strain. The free surfaces caused significant changes in the principal strains near the
epiphyseal bone border. Tensile strains were greatest at this border and in the hypertropic
zone at the calcified cartilage border and smallest at the base of the proliferative zone
where cell division takes place. The centerline represents the center of the full model, as a
quarter of the actual growth plate layer is shown here (XY and YZ planes are symmetry
planes).
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Figure 3.7. Distribution of minimum principal logarithmic strains within the ‘m’ shape
growth plate obtained from the mesoscale model without cellular detail. Peak
compressive strains occurred at the base of the proliferative zone where cell mitosis
occurs. This contrasts with regions close to the free surface, where compressive strains
were at a minimum around the base of the proliferative zone and maximum in the reserve
and hypertrophic zones.
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Chondrocytes in the interior of the growth plate, experienced less strain (change
in cell height) than the macroscopic tissue level strains with peak values of -12% in the
center, along the P4 line, and -26% near the growth plate free boundaries (Figure 3.8).
The variation in cellular height strain along the chondrons followed a similar trend to the
zonal variation seen at the tissue level. When the chondron was located in the central
region of the growth plate, the proliferative chondrocyte experienced larger compressive
strains (-12%) than hypertrophic chondrocytes (-6%). As was the case for tissue strains,
the opposite pattern was seen for chondrons located near the free edges of the growth
plate. The change from initial state in the aspect ratio (height/width) of the compressed
chondrocytes displayed a similar pattern to that of the height strain. The cells in the
hypertrophic zone near the free edge displayed the greatest change reaching a change in
aspect ratio of approximately -0.3 (Figure 3.9).
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Figure 3.8. Chondrocyte deformation measured as change in cell height at three locations
in the chondron for an overall axial compressive strain of 20 %. (A) Cellular strains vary
differently within each chondron depending on the location of the chondron. Within
interior chondrons compressive axial cell strains peaked at the transition from reserve to
proliferative zone where cell division occurs. Chondrons located close to the free surface
(300 µm from the surface) of the growth plate experienced a reverse strain pattern with
peak compressive strains occurring in the hypertrophic zone where no cell division
occurs, but where cell size increases 10-fold. (B) Contour plot of the logarithmic strain
(LE) at the chondron scale in the y-direction at two locations, at the center (P4) and at
300 µm from the edge (P3). The contour plot is obtained by extrapolating the integration
point values to the nodes and then averaging.
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Figure 3.9. Chondrocyte aspect ratio change with deformation at the center and 300 µm
away from the edge. Aspect ratio is defined as the ratio of the height over the width of the
cells.

3.4. Discussion
In this study, a multi-scale computational approach was undertaken to better
understand how physiological loads are experienced by chondrocytes embedded inside
chondrons when subjected to moderate strains under instantaneous compressive loading
of the growth plate. Specifically, we sought to determine if chondrons and the contained
chondrocytes experience similar deformations close to the cut surface as they do in the
central region of the growth plate and to explore the relationship between computed
strains and the cellular anatomy and physiology in different zones of the growth plate.
Our results indicate that chondrocytes experience less strain than the prescribed
overall growth plate strain, especially in the central (interior) regions. However, there is
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disagreement in the articular and growth plate cartilage literature regarding the
macroscale strains whether they are reduced or amplified once transmitted to cellular
scale. Some studies support a similar conclusion to ours that the cells experience lower
strains than their surroundings [41]. Other studies show that chondrocytes experience
greater levels of strain than their surrounding tissue (strain amplification) [12,42,43] or
that strain amplification depends on the level of tissue strain as well as the zonal location
of the chondrocytes within the articular cartilage [44]. These discrepancies exist due to
multiple factors, such as experimental methods employed, animal species, tissue type, etc.
Regardless of existing issues and discrepancies, this is an important question that needs to
be considered and we present computational evidence that the growth plate cartilage cells
inside chondrons experience less strain than the surrounding matrix when a moderate
level of instantaneous strain is applied globally.
Our results demonstrate that the strain patterns along the length of the chondrons
are reversed in peripheral regions of the growth plate in comparison with central
locations, meaning that experimental measurements of tissue and cell strains may not be
indicative of the true mechanical state that exists throughout most of the sample or to the
in vivo mechanical state. These findings have implications for experimental studies where
microscopic observations are made near the surface and for the design of bioreactors and
artificial scaffolds developed for bone and cartilage tissue engineering.
The results of our computational study may be compared to the few published
experimental studies [12,14,45] of cell and tissue strains observed during growth plate
compression. Since those studies involved measurements obtained from regions close to
cut surfaces, the comparisons are limited to only those locations in the model (Table 3.2).
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Our model predicted that within 50 µm of the cut surfaces the reserve and hypertrophic
zones experienced higher compressive strains (-20%) than the proliferative zone (-7% to 15%), which agrees with a previous study [14]. At the cellular level the model predicted
that near the cut surface the chondrocytes in the hypertrophic and part of proliferative
zone also experienced slightly more compressive strains (-23%) than the applied
macroscopic strain (20% of the unloaded growth plate thickness) in agreement with
experimental observations [12,45].
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Table 3.2. Comparison of mean computed strains to reported mean experimental strains measured with confocal microscopy on
compressed growth plate explants.
Study
level

tissue

cell

Applied
strain
(%)

-20

-20

tissue

-5

tissue

-10

cell

-15

Strain
measure
PC*surface (50
µm depth)
PC* interior
Surface
(300 µm
depth)
Interior
PC**
Axial (long
bone axis)
Transverse
Minor
diameter
Major
diameter

RZ
strain
(%)

PZ
strain
(%)

HZ
strain
(%)

-14

-14

-20

-10

-22

-14

n/a

-20

-23

n/a

-9

-7

-9

-5

-9

-2

-9

-4

+1

+1

+2

-8

-20

-18

-11

-14

Epi- and metaphyseal bone left on
explant

Thickness of RZ +
P/H zones (mm)

RZ thickness
(% of physeal height)

Yes

0.67

31

Present
computational
model

Yes

about 1

< 10

Villemure et al.
2007 [14]

No

3.4

70

Amini et al. 2013
[45]

No

3.2

70

Amini et al. 2010
[12]

-18

Study

RZ: reserve zone. PZ: proliferative (columnar zone). HZ: hypertrophic zone. PC: principal compressive *logarithmic (present study)
or **Lagrangian strain (Villemure et al.) strain. Surface: strains within certain depths of sample surface. Interior: strains at central
region of the sample. Axial strain: along the bone long axis. Cell strains were reported as minor and major cell diameter changes.
Minor diameter: cells in the PZ have minor diameters in line with the axial direction.
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The in vitro mechanical response of the chondrons near the cut surface may be
altered by multiple factors. The compressed ends of the samples may not have calcified
cartilage or bone remnants as these boundary conditions were not clearly identified in the
all of the published papers, but presumed to have been removed. The glass coverslip
utilized in the imaging studies may have also prevented the bulging that we observed.
Furthermore, our model was developed for a growth plate at the stage of developed
following the completion of the secondary center of ossification rather than the early
stage where the epiphysis is still predominately cartilaginous as appeared to be the case
for two of the comparison studies [12,45]. Younger growth plates that are thicker (3 mm)
as were reported in two previous studies [12,45] also had thicker reserve zones, which
may affect the lateral bulging at the free surface differently.
Our current model assumes the cells behave as an incompressible elastic material
and is therefore limited to short time, fast occurring loading where the fluid component
has no time to move through the tissue. Under such instantaneous loading conditions, we
assumed that the volume of the chondrocytes remained constant [40,46]. We believe that
the assumption of linearly elastic material behavior is reasonable for the purpose of
describing the basic mechanical behavior of the growth plate under uniaxial compression
[20,25]. During compression of cells at short times scales (~0.5 s) intracellular water is
redistributed within the cell [47], but this does not imply compressibility of the overall
cell volume. At long time scales constant external pressure induces cell shrinkage, but
cell shrinkage takes an order of magnitude (~10 s, [47]) longer than the transient impact
of heel strike or even the 0.2 s duration of the stance phase of a gait cycle and as long as
an hour to reach equilibrium [48]. However, since no short time scale cell strain
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measurements are available for comparison, we made comparisons to experimental
studies conducted under equilibrium conditions and it is not known what effect timedependence would have on the parameters that were compared.
Although not strictly relevant to our current short time-scale model for cyclical or
transient loading conditions, we explored the influence of assuming slight compressibility
(near incompressibility) of the cells on the calculated cellular strains. We obtained
solutions for Poisson’s ratios between 0.49 and 0.50 and found the solutions to be
numerically stable and free from issues of mesh locking. However, these solutions did
demonstrate that introducing near incompressibility into the elastic solution has large
effects on the cellular strains, a finding which is consistent with the findings of others and
therefore not one of numerical methods or issues related to numerical constraints [49]. It
has been shown [49] mathematically that in problems involving shear deformations the
normal stresses can exhibit extreme sensitivity to small changes in Poisson’s ratio that are
especially acute for Poisson’s ratios between 0.495 and 0.50. Our results are consistent
with these analytical findings. This is another reason why we do not believe the
equilibrium state can be correctly modeled with a purely elastic approach since the
precise value of cellular Poisson’s ratio is difficult to determine under conditions when
incompressibility is no longer a reasonable assumption.
Nevertheless, if for the sake of comparison one assumes slight compressibility of
the cells under equilibrium conditions, following cell shrinkage after prolonged
compression (Poisson’s ratio = 0.49), it is also necessary to consider the fact that the
Young’s modulus of the cell increases as the volume decreases [47], varying
exponentially with the volume fraction of the remaining solid phase of the cell for long
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time scale events [50]. To simulate such a condition we compare two solutions (Figure
3.10) with the cellular Young’s modulus increased 20-fold over the instantaneous value,
consistent with the increases measured experimentally [50]. The cellular strains were
significantly changed under conditions of slight compressibility relative to the
incompressible case, which was solved for the same 20-fold greater Young’s modulus so
to exclude the possible influence of changing the modulus. The cellular strains were more
sensitive to small changes in compressibility for chondrons located in the central region
than for the regions near the free surface or plane of microscopic observation.
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Figure 3.10. Results for two cases with the cellular Young’s modulus increased 20-fold
over the instantaneous short time scale value, for cellular Poisson’s ratio = 0.50 and 0.49
in an effort to approximate long-time scale compression with a purely elastic approach to
compare with the experimental values in the literature. Results are very sensitive to
assumed values of cellular Poisson’s ratio and to the Young’s modulus ratio between the
cell and the tightly bound territorial matrix and we do not believe this is the correct
approach for modeling long-time scale events since the real value of cellular Poisson’s
ratio cannot be accurately determined.

As a partial exploration of the degree of sensitivity of the cellular strain results to
assumed values for the material properties we decreased the value of Young’s modulus in
the reserve zone, a major component of the growth plate, from 0.98 MPa to 0.42 MPa, an
almost 60% decrease. Every other parameter was kept the same as in the original analysis
(Figure 3.8). This resulted in a relative change in average chondrocyte height strain in the
central region of 7.44% and in the peripheral region of 9.3%. We may therefore assume
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that the results are not very sensitive to the assumed values at the mesoscale. At the
microscale, the region of the model most likely to influence the calculated cellular strains
is the ratio of moduli for the cell and surrounding territorial matrix. As has been shown
using transmission electron microscopy (TEM) the chondrocytes are tightly bound to the
territorial matrix (TM) through an intervening thin layer of extracellular matrix, which
we have not included in the model [51]. The TM in our model was kept constant along
the entire chondron and it acts as a cushion absorbing the strains in the regions between
the incompressible cells.
The application of epiphyseal displacement equivalent to 20% of the initial
growth plate thickness was motivated by the need to obtain mesoscale values for Young’s
modulus by simulating compression experiments on fully developed growth plate
explants [37]. This prescribed displacement resulted in a 14.8% compressive growth plate
strain across the combined layers of the reserve, proliferative and hypertrophic zones,
which is representative of published explant growth plate experiments used for
comparison (Table 3.2) and other growth plate explant experiments [38,52-54]. Finite
element simulations of rabbit experiments suggested that growth plate stresses reached
values of 0.1 to 0.6 MPa in compression during activities such as sitting [18]. From the
stress relaxation experiments [37] on explants it may be estimated that 0.2 MPa
corresponds to the stress levels attained after stress relaxation for displacements of the
epiphysis equal to 20% of the initial growth plate thickness (defined as the combined
thicknesses of the reserve, proliferative and hypertrophic zones). We therefore assume
that our model simulations are representative of physiological levels of strain.
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Limitations to the model include simplification of the internal topography of the
growth plate cartilage layer by employing two simplified shapes representing idealized
shapes seen in growth plate experimental samples obtained from cow growth plates
[34,37]. Chondrocytes were assumed to be attached to the surrounding matrix in a
continuous manner. Although the connections are known to be discrete [55], modeling
the chondrocyte/matrix interface as continuous appears to be an accepted practice [22,56].
As a further limitation, since the macroscale models were built based on typical
mechanical test samples and not on whole growth plate anatomy of the long bones, some
structures were not included, such as the perichondrium, groove of Ranvier and ring of
LaCroix. It is possible that these unique structures would provide some support to the
growth plate cartilage and would lead to less distortion of chondrons as well as embedded
chondrocytes located away from the central region of the bones. Since neither our models
nor most previous experiments included the perichondrium, the true effects of edge effect
from the free surface could be diminished with the existence of this structure. Therefore,
it seems likely that observations from or close to the free surface during in vitro
experiments on explants of growth plate cartilage cannot fully represent the in vivo
situation.
An interesting observation in this study was that the orientation of chondrons of
the growth plate followed the direction of minimum principal strains (Figure 3.11). It
should be noted that this was under conditions of uniaxial compression along the Y-axis
in the mesoscale model that had no detail chondron structures. Although this was
obtained for instantaneous loading, this finding suggests that the direction of principal
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strains may influence bone growth development by directing the bone to grow along the
principal compression directions.

Figure 3.11. Chondrons appear to be oriented along the minimum principal strain
directions, becoming roughly perpendicular to the epiphyseal bone plate, whereas the
hypertrophic portion along with the calcified cartilage bars and primary spongiosa align
more with the primary compressive load direction along the tibial long axis (Y). (A)
Histology slice of a 4-month old bovine proximal tibial growth plate stained with H&E,
scale bar = 200 µm. (B) Minimum principal strain vector plot at the central region of the
‘m’ shape growth plate. The results were obtained from the mesoscale model without the
cellular detail.

In summary, this work provides a new approach to study growth plate behavior
under compression and illustrates the need for combining computational and
experimental methods to better understand the chondrocyte mechanics in the growth plate
cartilage. While the current model is relevant to fast dynamic events, such as heel strike
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in walking, we believe this approach provides new insight into the mechanical factors
that regulate bone growth at the cell level and establishes a basis for developing models
to help interpret experimental results at varying time scales.
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CHAPTER 4
RELATIONSHIP BETWEEN GROWTH PLATE CHONDROCYTE
MECHANICS UNDER UNIAXIAL COMPRESSION AND BONE GROWTH
THEORIES
4.1. Introduction
Bone is formed by one of two basic processes, endochondral and
intramembranous ossification. Endochondral bone formation is the primary process for
long bone formation and it occurs by replacing a hyaline cartilage ‘model’ or anlage by
bone. In early development the cartilage anlage grows along the long axis of what will
become the long bone by continuous chondrocyte division and extracellular matrix
secretion and grows transverse to the long axis when cells from the perichondrium
secrete extracellular matrix at the periphery. Around birth, in most mammals, a secondary
center of ossification appears at both epiphyseal ends of a long bone. The bone then
grows from the secondary ossification center in two directions: toward the joint and
toward the primary ossification center in the diaphysis. The cartilage that is left between
the primary and secondary ossification centers is called the epiphyseal plate (growth
plate). The thickness of this plate is gradually reduced until a thin undulating layer
shaped by mammillary processes remains. In humans, this thin layer (0.5 – 3 mm)
continues to grow for many years to produce new cartilage, which is replaced by bone,
thereby increasing the length of the bone. While chemical factors, such as oxygen tension
and many biological factors, regulate bone growth at this later stage of development [1],
there is abundant clinical and experimental evidence that mechanical factors also play a
role in regulating bone growth [2-4]. However, among the various mechanoregulatory
bone growth models that have been proposed [5-10], none have been shown to apply
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specifically to the thin layer of growth plate cartilage during later stages of growth, which
can last for many years.
Hueter-Volkmann's law, resulting from the ideas of two orthopaedic surgeons in
the 19th century, states that increased pressure on the growth plate retards the growth
(Hueter [5]) and conversely, reduced pressure accelerates the growth (Volkmann [6]).
The mechanoregulatory theories in vogue today are in one form or another all extensions
of these ideas and those originally expressed by Pauwels [10,11]. These have led to the
hypothesis [9,12] that octahedral shear stress (or tensile strain) promotes ossification of
cartilage, while hydrostatic stress tends to maintain the cartilage (Figure 4.1(A)), which
was applied in many finite element models to simulate bone growth starting from a
cartilage anlage. Other mechanoregulatory models have been developed and applied to
fracture healing (Figure 4.1(B)) by extending Pauwels’ original ideas to include both
tensile and compressive strains and stresses. However, it is not known if these bone
growth theories which proposed by Carter et al. and Pauwels, apply to the growth plate
during the later phase of growth when it is a thin layer of cartilage. It is also not evident if
these theories which proposed by Carter et al. and Pauwels, are applicable at the cellular
level. Since growth plate chondrocytes have direct influence on bone development
through proliferation and differentiation [4], it is important to understand how they might
respond to physiological loads.
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Figure 4.1. Schematic of tissue differentiation (mechanoregulatory) models used for
modeling (A) early endochondral bone formation during long bone growth (adapted from
Carter & Wong, 1988; Carter et al, 1998), and (B) bone fracture healing (adapted from
Claes & Heigele, 1999).

To explore these questions, we developed a multiscale finite element (FE) model
of the growth plate, described in the previous chapter (Chapter 3), to investigate stress
and strain distributions within the growth plate at the cellular level. The objectives of this
study are 1) to use the model to examine the relevance of mechanoregulatory theories
proposed for the early stages of endochondral ossification proposed by Carter et al. to
bone growth at the later stages of development when the growth plate cartilage is a thin
layer and 2) to investigate how these theories relate to the stresses and strains predicted at
the chondrocyte level.
4.2. Materials and Methods
A multiscale finite element submodeling approach was utilized in this study with
ABAQUS v6.12 (Simulia, Providence, RI) in order to understand how the macroscopic
loads are experienced by microscopic structures. Two simplified shapes (flat and ‘m’
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shape) of the growth plate were built in order to examine the influence of mammillary
processes on stresses and strains (Figure 4.2(A)). Submodeling was used in order to study
the transmission of loads from the macroscopic structure (in millimeters) to microscopic
structures such as cells (in microns) (Figure 4.2(B)). A size about 7mm x 7mm x 7mm
bone-growth plate-bone sample was constrained in all directions at the base (Y = 0), and
a compressive displacement of 20% of the growth plate thickness was applied at the top
surface along the long (Y) axis of the bone, resulting in an average vertical reaction
pressure of 0.4 MPa at the fixed surface. Ten equal incremental steps were used to
complete the 20% strain level. Isotropic linear elastic materials were used in a large
displacement analysis to simulate the response of instantaneous loading applied on top of
the model. Chondrocytes were assumed to be incompressible (Poisson’s ratio = 0.5).
Fluid effects were ignored due to the assumption of short-time scale loading. During the
whole analysis, NLGEOM was turned on in order to take the geometric nonlinearity into
account due to the large deformation in this study. Mesh convergence studies were
performed at each scale to ensure adequate mesh sizes for the models used in the study
(Table 3.1). Strain results were directly extracted from the analysis as logarithmic strains
(LE). Chondrocyte height and width strains were calculated as engineering strain from
the measurement of the shortest distance between cell surfaces along the cell height and
width directions. More detailed information regarding the models is provided in the
previous chapter (Chapter 3).
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Figure 4.2. (A) Two idealized models were constructed consisting of epiphyseal bone,
growth plate (GP) cartilage and metaphyseal bone (about 7 x 7 x 7 mm) with variations
of mammillary processes: flat and ‘m’ shaped. (B) Schematic of the multiscale modeling
approach. At the macroscale level, quarter models were used for analysis. Growth plate
cartilage (0.69 mm in height) was partitioned into two sections to represent the reserve
zone (RZ) and the proliferative/hypertrophic (P/H) zone. Calcified cartilage (CC) was
also included in the macroscale model. A compressive displacement equal to 20% of the
growth plate height was prescribed at the top surface in the direction along the long axis
of the bone. At the mesoscale level, three individual layers were generated in the P/H
zone to represent the gradient change of elastic modulus through the thickness of the
growth plate. The microscale model of the chondron consisted of interterritorial matrix
(ITM), territorial matrix (TM) and 46 chondrocytes with gradually changing cellular
shape along with the same number of ITM sections. The elastic modulus of ITM
increased from the RZ to the metaphyseal side to represent the gradual change of its
material properties.
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Table 4.1. Element number and type used in the FE model.

‘m’ shape

flat shape

Macroscale
Mesoscale
Detail mesoscale
Microscale
Macroscale
Mesoscale
Detail mesoscale
Microscale

Element number
181,056
159,848
119,700
268,455
76,296
49,312
106,624
268,455

Element type
C3D8RH
C3D4H
C3D8RH
C3D4H

Averaged cell stress and strain calculation:
The average hydrostatic stress (σi) experienced in each chondrocyte was
calculated as follows:

Average cellular stress =

∑ni=1 σi Evoli
⁄∑n Evol ,
i
i=1

(1)

where i is the ith element within the same chondrocyte which includes a total number of n
elements, σi is the stress at the integration point of each element, and Evoli is the element
volume.
The average maximum principal strain (εi) experienced in each chondrocyte was
calculated as follows:

Average cellular strain =

∑ni=1 εi ⁄
n,
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(2)

where i is the ith element within the same chondrocyte which includes a total number of n
elements, εi is the strain at the integration point of each element.
4.3. Results
Stresses and strains decreased within the chondron from the base of the
proliferative zone, adjacent to the reserve zone, towards the last cell in the hypertrophic
zone. Near the center line (X = 0, Z = 0) of the model, the proliferative chondrocytes
experienced greater hydrostatic stresses (absolute value) and greater maximum principal
strains (logarithmic strain, LE) than hypertrophic chondrocytes (Figure 4.3). The results
were calculated for a chondron slightly off center for the ‘m’ shaped growth plate. The
peak values for hydrostatic compressive stress (-0.38 MPa) and maximum principal
(tensile) strain (12%) gradually decreased from the proliferative zone down to -0.17 MPa
and 7%, respectively at the calcified cartilage border of the chondron. Results extracted
from the flat shape growth plate (not shown) were found to follow similar trends as for
the ‘m’ shaped growth plate. By comparison, the average tissue level strains for a model
without chondrons and cells was 15% across the reserve through hypertrophic zones
(Chapter 3).
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Figure 4.3. Distributions of maximum principal strain (logarithmic strain, LE) and
hydrostatic stress obtained from the microscale model within the ‘m’ shaped growth plate
subjected to 20% compression (15% across the reserve zone through hypertrophic zones).
Stresses were averaged for each chondrocyte embedded in a chondron. The results were
obtained for a (30 µ wide) chondron centered at X = 0, Z = 75 µ near the central region of
the growth plate. Proliferative chondrocytes experienced higher hydrostatic stress
(absolute value) than hypertrophic chondrocytes. Cell stresses for a flat growth plate
followed a similar trend as for the ‘m’ shaped growth plate model. In both the flat and ’m’
shaped models the cellular tensile strains decreased from the proliferative to hypertrophic
zones.
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Chondrocyte hydrostatic stresses within each zone remained relatively constant in
the direction transverse to the bone long axis, except near the outer surface where the
proliferative and hypertrophic chondrocyte stresses dropped to -0.14 MPa and -0.04 MPa,
respectively (Figure 4.4). Proliferative chondrocytes experienced higher hydrostatic stress
(absolute value) than hypertrophic chondrocytes at each location from the center towards
the edge. The gradient in hydrostatic stress from the proliferative to the hypertrophic zone
remained relatively constant until the outer edge where the gradient decreased to less than
half the gradient in the central region. Similar trends were observed for the flat shape
growth plate model, although the flat shape growth plate experienced relatively greater
(about 10%) hydrostatic stress (absolute value) than the ‘m’ shape growth plate at the cell
level (results not shown).
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Figure 4.4. Distribution of the cell-averaged hydrostatic stress obtained from the
microscale model with chondrocytes embedded in a chondron within the ‘m’ shape
growth plate (shown in grey) subjected to 20% compression (15% across the reserve zone
through hypertrophic zones). The results were extracted from five different locations in
the plane transverse to the bone long axis. Chondrocytes at all zonal levels experienced
higher hydrostatic stress (absolute value) in the central region than in the region close to
the outer surface. Proliferative chondrocytes experienced higher hydrostatic stress
(absolute value) than hypertrophic chondrocytes.
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Chondrocyte maximum (tensile) principal logarithmic strains (LE) varied with
location along the direction transverse to the bone long axis and in relation to the
mammillary process. Proliferative chondrocytes located on the sloped regions of the ‘m’
shape mammillary processes experienced higher maximum principal strains (LE = 2123%) compared with those located near the central valley and apex of the mammillary
processes (LE = 10-12%), except for the region close to the outer edge, where the strains
were largest (LE = 24%). Cells in the hypertrophic zone varied similarly, except on the
interior slope of the mammillary processes (Figure 4.5). Proliferative chondrocytes
experienced greater maximum principal strains (LE) than hypertrophic chondrocytes at
every location in the transverse plane. The gradient in principal strain from the
proliferative to the hypertrophic was greatest on the interior slope of the mammillary
processes and smallest at the periphery. Regarding the flat shape growth plate model,
similar trends were observed with slightly lower maximum principal strain as with the ‘m’
shape growth plate at the cell level (results not shown).
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Figure 4.5 Distribution of maximum principal logarithmic strain (LE) obtained from the
microscale model with embedded chondrocytes within the ‘m’ shape growth plate
subjected to 20% compression (15% across the reserve zone through hypertrophic zones).
The results were extracted from five different radial locations from the center to the edge
of the growth plate. Chondrocytes located at the sloped regions of the ‘m’ shape growth
plate experienced higher maximum principal strain (LE) than those located at other
regions (except for the region close to the outer edge) regardless of the zonal location of
the chondrocytes.

To help relate these cell-level stresses and strains for growth plate compression of
20% to proposed mechanobiological tissue differentiation models by Claes and Heigele,
the cell-averaged maximum principal strains and the cell-averaged hydrostatic stresses
were plotted on a tissue differentiation diagram for three locations within the growth
plate (Figure 4.6).
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Figure 4.6 Cell-averaged hydrostatic stress and maximum principal (tensile) strain from
Figures 4.4 & 4.5 plotted on a schematic similar to that proposed for early
chondrogenesis from a cartilage anlage (Carter et al., 1998). Specific limits shown with
solid lines (15% strain and 0.15 MPa pressure) to separate tissue types are those
established for fracture healing (Claes and Heigele, 1999). For locations within the
central region of the growth plate model (positions 1, and 2), proliferative chondrocytes
(P) experienced cell-averaged maximum tensile strains above the tissue-level strain limits
established for endochondral bone formation in fracture healing. To determine relevant
limits for growth plate cartilage cells would require modeling animal experiments. A
proposed limit of 20-25% maximum cell-averaged strain is shown with a dashed line for
the case of 20% compression applied across the growth plate (15% across the reserve
through hypertrophic zones). For most of the central region of the growth plate the
hypertrophic chondrocytes (H) values fall close to the osteogenic zone of growth plate
cartilage; chondrons located within 1 mm of the periphery (location 5) fall within the
fibrous tissue and fibrocartilage regions for fracture healing.

76

Chondrocyte height and width strains were plotted versus cell-averaged
hydrostatic stresses on a separate diagram for chondrocytes in the central region of the
growth plate (Figure 4.7). Chondrocytes located within the interior of the growth plate
have strain and stress values that remain close to or within the bounds determined to be
necessary for osteogenesis in a fracture healing callus (hydrostatic stress < 0.15 MPa,
strain < 15%), whereas values for chondrocytes at the periphery of the growth plate fall
within the strain-stress levels determined for differentiation into fibrocartilage or fibrous
tissues [13]. Within the interior chondrocytes close to the reserve zone had strain-stress
values that fell safely within the cartilage maintenance region of the diagram, whereas
cells close to the calcified cartilage zone approached the limits for transition between
cartilage maintenance and osteogenesis.
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Figure 4.7 Chondrocyte height and width strains for the central chondron of the ‘m’
shape growth plate subjected to 20% compression across the growth plate (15% across
the reserve through hypertrophic zones) are shown to fall within the strain and stress
limits established for by Claes & Heigele for endochondral bone formation in fracture
healing (Claes and Heigele, 1999). The results were obtained for a (30 µm wide)
chondron centered at X = 0, Z = 75 µm near the central region of the growth plate.
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Hydrostatic stress and maximum principal strain (LE) were plotted for the
microscale model in the central region of the ‘m’ shape growth plate model to show
interactions between chondrocytes and their surrounding matrix (Figure 4.8). The border
regions of the chondrocytes adjacent to territorial matrix (TM) exhibited slightly higher
strains than the interior regions of the chondrocytes. All chondrocytes, TM and
interterritorial matrix (ITM) were exposed to higher pressure in the proliferative zone
than in the hypertrophic zone. At each zonal location, chondrocytes were subjected to
higher hydrostatic stress than their surrounding matrix (TM) (Figure 4.8(A)). In addition,
chondrocytes experienced higher maximum principal strain (LE) than their surrounding
TM. Within each chondrocyte, the cell/matrix boundary experienced higher strain levels
than the central region of the cell (Figure 4.8(B, C)). In the proliferative zone, the ITM
was compressed (Figure 4.8(C) upper), whereas in the hypertrophic zone, the TM was
compressed (Figure 4.8(C) lower). The hypertrophic ITM was subjected to more tensile
strain than proliferative the ITM, whilst proliferative chondrocytes also experienced more
tensile strain than hypertrophic chondrocytes (Figure 4.8(D)).
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Figure 4.8 Distributions of hydrostatic stress and maximum principal logarithmic strain
(LE) within the microscale model near the central region of the ‘m’ shape growth plate
model. Contour changes are shown when the results in adjacent elements differ by more
than 25%. (A) Pressure distribution within the microscale model. Chondrocytes, TM and
ITM all experienced higher pressure at the proliferative zone than the hypertrophic zone.
At each zonal location, chondrocytes experienced higher pressure than their surrounding
matrix (TM). (B, C) Maximum principal strain (LE) distribution within the microscale
model. Chondrocytes experienced higher strain than surrounding TM. Within each
chondrocyte, the border region of cell and matrix experienced higher strain than the
central region of the cell. At the proliferative zone (C), ITM experienced compressive
maximum principal strain. This is due in part to the lateral expansion of incompressible
cells pushing against the ITM, so that the ITM was being compressed at this region.
However, at the hypertrophic zone (C), it is the TM that being compressed. This is
probably because the elastic modulus of the hypertrophic ITM is higher than the
proliferative ITM, whilst the elastic modulus of TM is constant. Therefore, when cells in
the proliferative zone are being compressed to expand laterally, the TM provides the
buffer zone instead of ITM. (D) Directions of maximum principal strain (LE) within the
upper proliferative and lower hypertrophic zones (3D vectors are transected in the
viewing plane).
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4.4. Discussion
In this study, a multiscale computational approach was utilized to better
understand how the physiological loads are transmitted to chondrocytes and the
surrounding matrix of the growth plate under moderate compression, and to further
understand how this relates to the bone growth theories at the cellular level.
Our results indicate that there is a correlation between hydrostatic stress at the
cellular level in the thin layer of growth plate cartilage and the zones of chondrocyte
differentiation in the growth plate. Chondrocytes located close to the metaphysis
experienced less hydrostatic stress than those close to the reserve zone and these regions
correspond with the location of cartilage calcification during the bone development. In
cell culture studies, cyclic (0.5 Hz) hydrostatic pressure has been shown to down regulate
the expression of MMP-13 (matrix metallopeptidase 13, the main proteolytic enzyme in
hypertrophic cartilage [14]) and type I collagen in articular cartilage chondrocytes [15].
Another study suggested that hydrostatic stress may reduce the rate of chondrocyte
differentiation and have an anti-angiogenic influence on cartilage [15] and inhibit
endochondral ossification [16]. Based on information from these previous studies [14-16],
hypertrophic chondrocytes would be expected to experience lower hydrostatic stress than
proliferative chondrocytes, which agrees with our results. On the other hand,
chondrocytes located close to the outer surface of the growth plate experienced less
hydrostatic stress and these regions correlate with the location of faster bone growth
during the bone development [17].
At first glance, our cell-averaged strain results seem to contradict the
mechanobiological theories. However, when the strains are considered in combination
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with hydrostatic stresses the contradiction disappears. Based on the theory that exposing
chondrocytes to shear stress (or maximum principal strain) drives the synthesis of those
proteins which are responsible for angiogenesis and later acceleration of cartilage
ossification [12], it would be reasonable to expect higher octahedral shear stress (or
maximum principal strain) in the hypertrophic chondrocytes than in the proliferative zone.
Experiments have shown that cyclic (0.5 Hz) tension appears to activate the Cbfa1/MMP13 pathway and increase the expression of terminal differentiation hypertrophic markers
(such as type X collagen) in articular chondrocytes [15]. However, when both cellaveraged hydrostatic stress and maximum principal strain are considered simultaneously
(for cells in a chondron located in the interior), the predicted differentiation gradient of
chondrocytes within the chondron is consistent with the mechanoregulatory concepts
proposed for early endochondral bone formation (Figure 4.1 & 4.6) [9,16,18]. The
predicted results are also consistent with the mechanoregulatory ideas that promote
fibrous tissue and fibrocartilage formation when the chondron is located near the outer
periphery of the growth plate where in an actual bone the hyaline cartilage merges into a
fibrous or fibrocartilaginous perichondrium (Figure 4.6).
When cellular strains are characterized in terms of chondrocyte height and width
and plotted on a mechanoregulatory type of diagram (Figure 4.7) along with their cellaveraged hydrostatic stresses, it can be seen that the entire growth plate is exposed to
conditions favorable for endochondral bone formation according to the strain and stress
limits determined for endochondral bone formation in the fracture callus [13]. Without in
vivo experiments, our study is capable of providing suggestions on potential limits. And
based on our results, the strain limits appear to be reasonable starting point for further
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exploration. This view does not distinguish tension from compression, but requires the
simultaneous consideration of deformation and hydrostatic stress, which is consistent
with the early ideas of Pauwels regarding cell deformation when embedded in a tissue
being deformed under uniaxial loading.
One way chondrocytes are known to sense mechanical signals from their
surrounding matrix is through the stretching of their plasma membranes [19-21]. In
addition, primary cilia, which are antenna-like structures extruding from the surface of
the cells, have been found to sense fluid shear [22,23] and recently reported to play an
important role in bone development [24-26]. It is postulated that they sense mechanical
loads that acting on the cells and transduce them into biological signals [25]. In the
growth plate, cilia bind to collagen fibers through ciliary integrin receptors [27,28] and
respond to mechanical signals from ECM [26]. Our results show that the TM experienced
different hydrostatic stress and tensile strain compare to chondrocytes from the same
location. Given these results together with location and function of the primary cilia, it is
reasonable to speculate that the primary cilia present one avenue for the growth plate
chondrocytes to sense and transduce surrounding mechanical signals, even though no
cilia were modeled in this study. Chondrocyte strains in our model are greatest at the
border between the cell and the matrix rather than in the center (Figure 4.8), which would
support a possible role for ciliary mechanotransduction.
To the best of our knowledge, no experimental data have been published
revealing the internal cellular stress experienced by chondrocytes within the growth plate
cartilage under instantaneous compression for us to compare to our predictions. Therefore,
results obtained from articular chondrocytes from previous studies were used to make
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limited comparisons. One previous study [29] surmised the internal pressure values of
articular chondrocytes to be around 23 kPa under 2% compressive strain during transient
loading from their FE model of their experiment. Our results of pressure experienced by
chondrocytes extracted at the same strain level (2%) were about 15-33 kPa (proliferativehypertrophic) at the central region of the ‘m’ shape growth plate model, which agree with
this previous study. By comparison, according to our results, the nominal stress
experienced by the macroscale model was calculated to be 0.4 MPa. This falls into the
physiological range of time-averaged joint loading during activities such as standing and
walking [30,31].
The current model is limited to fast loading (e.g. heal strike in walking) where the
fluid component has no time to flow through the tissue. According to the literature, most
of the joint loads are performed at frequencies less than 1 Hz [12], and chondrocytes have
a relaxation time of less than 20 s [32,33]. Therefore, a model with only the solid phase
alone may be sufficient to study the mechanobiological behavior in the interior regions of
the cartilage [12]. However, it should be noted that the constant volume of the
chondrocytes due to the instantaneous loading conditions would underestimate the bulk
strains compared to the equilibrium state. In general, the assumption of linearly elastic
material properties is reasonable for the purpose of describing the basic mechanical
behavior of the growth plate under uniaxial compression and was used in previous studies
[12,34].
In this study, chondrocytes were assumed to be continuously attached to the
surrounding matrix as in other previous studies [35,36], even though these attachments
are known to be discrete [37]. The topographies of the growth plate layer were simplified
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to represent idealized shapes observed in experimental samples of bovine growth plate
[38]. Furthermore, some structures (e.g. perichondrium, groove of Ranvier and ring of
LaCroix) were not included. Potential structural support from these structures was not
considered in this study and this may lead to an overestimation of the lateral expansion at
the growth plate outer perimeter.
In summary, this study developed a multiscale FE model of growth plate cartilage
under moderate instantaneous compression. It included details of the chondron structure
to explore the relevance of prevailing theories to the growth plate cartilage at the cellular
level during the latter phases of bone development. Our results are consistent with results
predicted by these theories when both cellular strain and hydrostatic stress are considered
simultaneously. However, the exact limits of the cellular strain and stress need to be
determined through in vivo experiments. Our FE model predicted that cells near the
reserve/proliferative zone border are subjected to stresses and strains that keep them from
differentiating whereas cells closer to the hypertrophic/calcified zone are subjected to
combinations of stress and strain that the theories predict will promote cell differentiation
towards osteogenesis. Cells near the outer periphery of the growth plate structure are
subjected to stresses and strains that the theories predict will cause cell differentiation
towards fibrocartilage or fibrous tissue. Furthermore, this model may serve as a basis for
further studies to understand the relationship between chondrocyte mechanics and
mechanoregulatory bone growth theories.
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CHAPTER 5
CONCLUSIONS
This study investigated how the macroscopic loads are experienced by
chondrocytes and surrounding matrix under moderate compression in terms of stress and
strain and the relevance to bone growth theories at both the tissue and the cellular levels
during the latter stage of bone growth.


In Chapter 2, the intrinsic elastic modulus of the growth plate cartilage

was extracted by simulating and matching the uniaxial compression tests with finite
element methods. The state of stress in the growth plate cartilage of bone/growth
plate/bone test samples of 5 month old calves was found to be triaxial and nonuniform
from the center to the periphery of the growth plate, and predominantly hydrostatic over
most of the central region.


In Chapter 3, the results indicated that chondrocytes experience less strain

than the prescribed overall growth plate strain especially in the central regions, implying
that chondrocytes are protected by the surrounding matrix from potentially excessive
strains. Furthermore, it was demonstrated that the strain patterns along the length of the
chondrons are reversed in peripheral regions of the growth plate in comparison with
central locations, meaning that experimental measurements of tissue and cell strains may
not be indicative of the true mechanical state that exists throughout most of the sample or
to the in vivo mechanical state.


In Chapter 4, the relationship between prevailing bone growth theories and

the growth plate chondrocyte mechanics at the later phase of bone development was
explored. Our results are consistent with these theories at the cell level, providing the first
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evidence that such theories have relevance not only at the macroscopic tissue level, but
also at the cell level.
In summary, this study is the first to relate tissue level mechanics to chondrocytes
within the chondron structure, the unique microstructural anatomy of growth plate
cartilage, while under moderate uniaxial compression. The information obtained from
this study, along with knowledge from results of experiments reported by previous
workers enhances our understanding of chondrocyte mechanics of the latter-phase growth
plate cartilage in relation to mechanoregulatory bone growth theories.

90

CHAPTER 6
RECOMMENDATIONS FOR FUTURE WORK
This study provides a method which can serve as a basis for future studies to
understand growth plate chondrocyte mechanics from the perspective of bone growth.
The following are ideas for such studies.
1.

Reserve zone mechanics: Another microscale model, including chondrocytes
from the reserve zone could be constructed to study the state of stress and
strain in reserve zone chondrocytes and how their stresses and strains relate
to the bone growth theories.

2.

Internal topography: A model with 3D mammillary processes could be
developed to replace the current simplified idealized geometry in the
macroscale model, in order to explore the development and role and function
of mammillary processes in bone growth.

3.

More structural details could be added: Perichondrial tissue in the
macroscale model; chondrocyte cell membranes and transverse septa in the
microscale model, could be added to the model to further explore tissue
differentiation theories and cell signaling mechanisms.

4.

Other types of loading: Tension or shear could be applied with updated
material properties (cartilage is ten times stiffer in tension than compression)
of each component to simulate different loading conditions which may occur
during daily activities to further provide more thorough understanding of the
growth plate mechanics at both the tissue and cellular levels.
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5.

Fluid component: Poroelastic or viscoelastic material properties could be
incorporated to investigate cell mechanics resulting from the fluid flow
within the cartilage.

6.

In-vivo experiments: Use experimental observations to determine values for
stress and strain limits regarding the cell level bone growth theories and the
possible mechanisms by which chondrocytes may sense and transduce
mechanical signals through stretching of their plasma membranes and
bending of their cilia.
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